Using an absorption line from the metastable (J, K) = (3, 3) level of H + 3 together with other lines of H + 3 and CO observed along several sightlines, we have discovered a vast amount of high temperature (T ∼ 250 K) and low density (n ∼ 100 cm −3 ) gas with a large velocity dispersion in the Central Molecular Zone (CMZ) of the Galaxy, i.e., within 200 pc of the center. Approximately threefourths of the H + 3 along the line of sight to the brightest source we observed, the Quintuplet object GCS 3-2, is inferred to be in the CMZ, with the remaining H 3 Based on data collected at the Subaru Telescope, which is operated by the National Astronomical Observatory of Japan. , is probably closer to the center. CO is not very abundant in these clouds. Hot and diffuse gas in which the (3, 3) level is populated was not detected toward several dense clouds and diffuse clouds in the Galactic disk where large column densities of colder H + 3 have been reported previously. Thus the newly discovered environment appears to be unique to the CMZ. The large observed H + 3 column densities in the CMZ suggests an ionization rate much higher than in the diffuse interstellar medium in the Galactic disk. Our finding that the H + 3 in the CMZ is almost entirely in diffuse clouds indicates that the reported volume filling factor (f ≥ 0.1) for n ≥ 10 4 cm −3 clouds in the CMZ is an overestimate by at least an order of magnitude.
Expanding Molecular Ring which approximately forms outer boundary of the CMZ. The other half, with velocities of ∼ −50 km s −1 and ∼ 0 km s −1 , is probably closer to the center. CO is not very abundant in these clouds. Hot and diffuse gas in which the (3, 3) level is populated was not detected toward several dense clouds and diffuse clouds in the Galactic disk where large column densities of colder H + 3 have been reported previously. Thus the newly discovered environment appears to be unique to the CMZ. The large observed H + 3 column densities in the CMZ suggests an ionization rate much higher than in the diffuse interstellar medium in the Galactic disk. Our finding that the H + 3 in the CMZ is almost entirely in diffuse clouds indicates that the reported volume filling factor (f ≥ 0.1) for n ≥ 10 4 cm −3 clouds in the CMZ is an overestimate by at least an order of magnitude.
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Introduction
The Central Molecular Zone (CMZ, also called the nuclear molecular disk) of the Galaxy, a region of radius ∼ 200pc, is currently considered to contain high density (n ≥ 10 4 cm −3 ) molecular gas with a high volume filling factor (Morris & Serabyn 1996) . A significant fraction of the molecular gas has unusually high temperature (∼ 200 K) and large velocity dispersion (15-50 km s −1 ), indicative of the highly energetic, turbulent nature of the CMZ. Unlike the hot spots in the Galactic disk where a luminous star heats nearby dust, which in turn heats the associated gas, the hot gas in the CMZ extends over large distances and suggests a direct and widespread gas heating mechanism. On the other hand, dust in the same area has been observed to have low temperatures (≤ 30 K) from far-infrared (Odenwald & Fazio 1984) and submillimeter (Pierce-Price et al. 2000) measurements. Studies of the hot gas in the CMZ provide information vital for understanding the unusual activity near the nucleus of the Galaxy, which includes non-thermal magnetic phenomena (Yusef-Zadeh et al. 1984) , extended X-ray emission (Koyama et al. 1989 (Koyama et al. , 1996 and their interactions with molecular clouds (Liszt et al. 1985; Tsuboi et al. 1997; Oka et al. 2001; Yusef-Zadeh et al. 2002) .
The most direct evidence for high temperature gas in the CMZ comes from radio observations of molecules in high rotational levels. Wilson et al. (1982) observed the inversion spectrum of NH 3 in absorption up to the (J, K) = (8, 8) and (9, 9) metastable levels, 687 K and 853 K above the ground level, respectively, toward Sgr B2 and estimated a temper-ature of T = 200 K and cloud density of n = 10 4 cm −3 . Mauersberger et al. (1986) and Hüttemeister et al. (1993) observed other clouds in the CMZ, finding NH 3 emission lines from the (7, 7) and (6, 6) metastable levels, respectively, and reporting similar temperatures and densities. Recently, Herrnstein & Ho (2002) obtained similar results toward Sgr A. Harris et al. (1985) , using the J = 7 − 6 submillimeter emission line of CO found 10 4 M ⊙ of warm dense gas in the central 10 pc of the Galaxy with T ∼ 300 K and n = 3 × 10 4 cm −3 . Kim et al. (2002) , using the same transition, found a lower mean density and temperature over a much larger volume centered on Sgr A. The J = 7 − 6 transition has a critical density of n crit ≥ 10 6 cm −3 (Green & Chapman 1978) and thus probes dense regions of the CMZ. Recently, Rodríguez-Fernández et al. (2001) used ISO measurements of the S(0) -S(5) rotational emission lines of H 2 to investigate 16 molecular clouds within the central ∼ 500 pc of the Galaxy. Since critical densities of those transitions are lower, these lines can be detected in low density clouds if a sufficient column density of H 2 exists. They reported T = 150 − 600 K and n = 10 3.5−4.0 cm −3 , similar to other studies. Very recently, Rodríguez-Fernández et al. (2004) used observations of atomic fine structure lines, believed to arise in photodissociation regions associated with these clouds, to derive densities of ∼ 10 3 cm −3 .
Here we report the discovery of extensive low density (n ∼ 100 cm −3 ) and high temperature (T ∼ 250 K) molecular gas in the CMZ using infrared absorption lines of H + 3 , including a line from the (J, K) = (3, 3) metastable level, which was first observed toward the Galactic center by Goto et al. (2002) . H + 3 (protonated H 2 ) is a unique astrophysical probe in that it is observed with comparable column densities (∼ 10 14 cm −2 ) in dense cloud cores (Geballe & Oka 1996; McCall et al. 1999; Brittain et al. 2004 ) and diffuse clouds (McCall et al. 1998a; Geballe et al. 1999; McCall et al. 2002) . Contrary to the expectation from chemical model calculations which predict orders of magnitude lower H + 3 number density for diffuse clouds (because of rapid dissociative recombination with electrons), our observations have established that column densities of H + 3 per unit visual extinction typically are an order of magnitude higher in diffuse clouds (N(H Oka 2004b) . Since the A V of 25 -40 mag (Cotera et al. 2000) toward the Galactic center arises mainly in diffuse clouds (Willner et al. 1979; Butchart et al. 1986; Pendleton et al. 1994; Whittet et al. 1997) , H + 3 is a readily available tool for studying sightlines toward the Galactic center. Indeed the observed column densities of N(H + 3 ) ∼ (3 − 5) × 10 15 cm −2 toward GCS 3-2 and GC IRS 3 Goto et al. 2002) are an order of magnitude higher than other sightlines in the Galactic disk. H + 3 is also important for the study of the CMZ since, being a charged molecule, it is sensitive to ionization of molecular gas which is expected to be efficient in the CMZ with its intense X-ray sources and high magnetohydrodynamic activity (Morris & Serabyn 1996) . H + 3 has the structure of an equilateral triangle like the hydrogen atoms in NH 3 , but being simpler, lighter, and electrically charged, it has three salient features not found in NH 3 . First, H + 3 is planar. Thus totally symmetric rotational levels, e.g., (0, 0), (2, 0), etc., are not allowed by the Pauli exclusion principle. This makes the (1, 1) level the rotational ground state. Second, the metastability of H + 3 , although similar to that of NH 3 qualitatively, is very different quantitatively. The crucial difference relevant to this paper is that while NH 3 in the (2, 2) level takes ∼ 200 years to decay to the (1, 1) level by spontaneous emission (Oka et al. 1971 ), the same emission in H + 3 takes only 27 days. On the other hand, spontaneous emission from the (3, 3) level of H + 3 is rigorously forbidden by the dipole selection rules and the absence of the (2, 0) level (Pan & Oka 1986 ). This results in a highly non-thermal population distribution in the H + 3 rotational levels in low density gas. More details can be found in Oka & Epp (2004) (hereafter Paper I). Here we simply emphasize that the spontaneous emission time of the (2, 2) → (1, 1) transition, 2.35 ×10 6 s, is a very reliable number with an uncertainty of at most 5 % based on the ab initio calculation by Neale et al. (1996) , and it sets an accurate time standard for the thermalization of interstellar H + 3 . Spontaneous emissions from higher levels such as (2, 1) → (2, 2) (20 days), (3, 2) → (2, 1) (16 hours), and (3, 1) → (2, 2) (8 hours) have even shorter lifetimes. The spontaneous emission rate increases rapidly with increasing J and K and thus rotationally hot H + 3 rapidly cools except when in metastable levels, (4, 4), (5, 5), (6, 6) etc. This has implications even for laboratory experiments (Kreckel et al. 2002 (Kreckel et al. , 2004 * during its short lifetime (Oka 2004a) . Therefore, unlike NH 3 or other neutral molecules such as H 2 O and H 2 CO, orthoand para-nuclear spin modifications are efficiently converted to each other by collisions with H 2 (Cordonnier et al. 2000) . In addition, a collision between H + 3 and H 2 has higher cross section than one between NH 3 and H 2 , because of the long range r −4 Langevin potential, making critical densities lower. Assuming that the collision rate constant between H + 3 and H 2 is close to the Langevin rate constant, k L = 2πe(α/µ) 1/2 = 1.9 ×10 −9 cm 3 s −1 , where α is the polarizability of H 2 and µ is the reduced mass of H + 3 and H 2 (Ridge 2004), we find that the critical density for the (2, 2)→ (1, 1) spontaneous emission is ∼ 200 cm −3 , comparable to the densities of diffuse clouds. Therefore, an absence of H + 3 in the (2, 2) state in warm gas is definitive evidence for low density. At low temperatures the rate for the collision-induced transition from (1, 1) to (2, 2) is much less than the Langevin rate because of the principle of detailed balancing. The value is also lower at very high temperatures because of dilution by collisional transitions from (1, 1) to other levels higher than (2, 2), but this is compensated by the channeling via rapid spontaneous emission of most of para-H + 3 in high rotational levels to the (2, 2) → (1, 1) transition. These problems are taken into account in the model calculations of Paper I.
Observations
Three spectrometers on three telescopes were used to make the measurements presented here; the observing log is given in Table 1 . The Phoenix Spectrometer mounted on the 8 m Gemini South Telescope is the most suitable for this study because of its location in the southern hemisphere and its high spectral resolution (5 km s −1 ), but its wavelength coverage is limited by its narrow spectral coverage and the availability of order-blocking filters. The Infrared Camera and Spectrograph (IRCS) on the 8 m Subaru Telescope is a powerful survey instrument because of its wide wavelength coverage, although its resolution is relatively low (15 km s −1 ). The Cold Grating Spectrometer 4 (CGS4) on the 3.8 m United Kingdom Infrared Telescope (UKIRT) has a resolution of 8 km s −1 and can be tuned to any wavelength in the 1 − 5 µm interval, but like Phoenix has a narrow spectral coverage at each tuning. Details of operations of the spectrometers and data reduction are given in McCall et al. (2002) , Goto et al. (2002) and Geballe et al. (1999) , respectively.
Targets were chosen from bright young infrared stars with magnitudes L ≤ 7.5 which have clean infrared continua. Most of the bright stars near the Galactic center are late-type stars whose continua are not smooth due to photospheric atomic and molecular absorptions and thus are problematic for detections of weak interstellar absorption lines. Currently, out of the 50 bright Galactic center objects studied by Nagata et al. (1993) , only 6 have been used. This difficulty could be partially overcome in the near future by subtracting standard photospheric absorptions from observed spectra. We have observed sightlines toward 8 infrared sources listed in Table 1 . The best set of spectrum has been obtained in the sightline toward the brightest source GCS 3-2 and this spectrum is discussed in detail below. The rest of 7 sightlines have been observed with lower resolution and will be discussed briefly in Section 3.2. More detailed studies on these sightlines will be published in future papers.
Compared to radio observations, infrared absorption spectroscopy has the disadvantage that mapping is infeasible because observable sightlines are limited to directions of bright infrared sources. Radio observations are also more sensitive and often with higher spectral resolution. However, infrared spectroscopy has an advantage in its inherent high spatial resolution. Moreover, the determination of column densities via infrared spectroscopy is often more straightforward because of lower optical depths and availability of several transitions in the same wavelength region. In particular the presence of spectral lines starting from qualitatively different rotational levels, such as the (1, 1) ground level, (2, 2) unstable level, and (3, 3) metastable level, makes H + 3 a unique astronomical probe for studies in this paper.
Results
Spectra of GCS 3-2 at the R(1, 1) l , R(3, 3) l , and R(2, 2) l transitions of H + 3 in the L ′ window and the R(1) transition of the v = 2 -0 overtone band of CO in the K window are shown in Fig. 1 . See Lindsay & McCall (2001) for the nomenclature of R(1, 1) l etc. GCS 3-2 is a young massive star bright in the infrared (L = 3.03, K = 6.19 (Nagata et al. 1993) ). It is one of the Quintuplet stars (Nagata et al. 1990; Okuda et al. 1990 ) in the region with recent massive star formation located approximately where the non-thermal Radio Arc crosses the Galactic plane at the Galactic coordinates l = 10 ′ , b = −4 ′ , close to the compact thermal structures known as the Pistol and the Sickle (Genzel et al. 1994; Cotera et al. 2000) .
The intense and sharp absorptions at −52 km s −1 , −33 km s −1 , −5 and +2 km s −1 , and +19 km s −1 and +23 km s −1 , clearly visible both in the H + 3 R(1, 1) l and CO R(1) spectra of Fig. 1 have been known since the early days of the 21 cm H I spectroscopy and radio-observations of OH, H 2 CO, and CO to be due to clouds in intervening spiral arms (Oort 1977) . The −52 km s −1 absorption arises in the 3 kpc arm (van Woerden et al. 1957; Rougoor & Oort 1960 ) and the −33 km s −1 absorption is due to the 4.5 kpc arm (Menon & Ciotti 1970) . Absorptions near +20 km s −1 have generally been ascribed to the "20 km s cloud" believed to lie within the CMZ (Güsten & Downes 1981; Geballe et al. 1989) Absorption components near 0 km s −1 , which are ubiquitous and dominant in H I spectra, often are ascribed to "local" arms within a few kpc of the solar system. For CO and H + 3 , however, the absorptions at these velocities may not be local because, unlike the H I line, they are not uniformly observed in all sightlines but only toward the Galactic center. Whiteoak & Gardner (1979) suggested that some of them are near the Galactic center. Analyses and discussions of those sharp lines corresponding to low temperature CO and H + 3 in intervening spiral arms are outside the scope of this paper and will be given separately.
Non-thermal Rotational Distribution Toward GCS 3-2
Initially we focus our attention on the three broad absorption features with large equivalent widths at −123 km s −1 , −97 km s −1 and −52 km s −1 clearly visible in the R(3, 3) l spectrum in Fig. 1 . These absorptions were present in our earlier paper (Goto et al. 2002) , but with less clarity. In the new spectrum weak and broad absorptions at lower velocities are also evident. We argue in the following that the three prominent absorption features in the (3, 3) line arise in high temperature, low density turbulent clouds in the CMZ.
First, note that the R(3, 3) l spectrum does not show any of the sharp features that are observed in the R(1, 1) l spectrum and in the R(1) CO spectrum. Note also that the CO spectrum does not show the broad features of the R(3, 3)
l spectrum beyond 2σ of 1 %. This difference cannot be due to the slightly lower resolution of the R(3, 3) l spectrum. Clearly for the most part the metastable H + 3 and CO do not coexist. CO is found in relatively high density and low temperature areas with low velocity dispersion mostly in the intervening spiral arms, while H l spectrum does not show any absorption near −123 km s −1 and −97 km s −1 (∆I ≤ 0.3 %) and at best a very weak absorption near −52 km s −1 . This demonstrates a remarkably non-thermal H + 3 rotational distribution in which the (3, 3) level 361 K above the ground level is highly populated while the (2, 2) level 151 K above ground is scarcely populated. It also shows that that the cloud density is considerably lower than the critical density for the (2, 2) → (1, 1) spontaneous emission, N crit ∼ 200 cm −3 . Thus, the high temperature and low density of the clouds are established.
The high negative velocities ∼−100 km s −1 of the hot and diffuse clouds, peaking at −123 km s −1 and −97 km s −1 , suggest that they are part of a large-scale structure moving away from the Galactic center at high speed that was initially proposed as the Expanding Molecular Ring (EMR) by Kaifu et al. (1972) , Scoville (1972) and Kaifu et al. (1974) from the (l-V ) maps of OH, H 2 CO, and CO. It was later also interpreted as part of a parallelogram by Binney et al. (1991) and as an Expanding Molecular Shell (EMS) by Sofue (1995) based on the radio 13 CO observations by Bally et al. (1987 Bally et al. ( , 1988 . Sofue (1995) estimated that the total CO emission from the EMS amounts to 15 % of the total emission from the CMZ. From a large-scale CO survey of the Galactic center, Oka et al. (1998a) pointed out the possibility that the EMR may consist of multiple arm-features that could be associated with different Lindblad resonances (Binney & Tremaine 1987 ) discussed by Binney et al. (1991) and Blitz et al. (1993) . The observed double peak of the R(3, 3) l and R(1, 1) l spectra in this velocity interval must provide information on this issue. It is interesting to note that some CO is observed in the −97 km s −1 cloud but not in the −123 km s −1 cloud. The small amount of CO in the cold and high density areas of those clouds in the particular direction of GCS 3-2 (l = 10' and b = −4') ( Fig. 1 ) is in agreement with the observation of Oka et al. (1998a) (see their l-V maps for b = −4 ′ on page 493).
The presence of R(3, 3) l absorption at −52 km s −1 might suggest that hot and diffuse gas also exists in the "−50 km s −1 cloud" that has been ascribed to the 3 kpc arm. The narrow R(1, 1) l and CO features at this velocity probably do arise in the arm, which merges into the corotating stars in the Galactic Stellar Bar at about 2.4 kpc (Binney et al. 1991; Wada et al. 1994; Mezger et al. 1996) . However, the large velocity dispersion of the R(3, 3) l absorption component and the warm gas temperature suggest that, like the higher negative velocity R(3, 3)
l absorptions, it originates in the CMZ.
Comparison of the H + 3 R(1, 1) l spectrum with the CO R(1) spectrum shows that in the former there is a wide and shallow absorption trough at velocities between about −40 km s −1 and +30 km s −1 , with a depth of about two percent of the continuum. The existence of this feature was already noted in our earlier work Goto et al. 2002) . In contrast, the CO spectrum returns to the continuum level between the narrow absorptions at −52, −32, −5, and +19 km s −1 . Separation of the trough and sharp lines in the R(1, 1) l spectrum is discussed in more detail below in Section 4.1 (see Fig. 4 given later). The H + 3 absorption trough is also present, but weaker in the R(3, 3) l spectrum and thus demonstrates the presence of diffuse clouds with little CO at somewhat lower temperatures than the gas in the EMR. It is difficult to determine the number and natures of the lower velocity warm clouds that contribute to the trough, because of their weak absorptions and the contamination by strong and narrow spectral features. However, some of the absorption is certainly due to the aforementioned 20 km s −1 cloud and it seems probable that the remainder also is located inside the CMZ; the high velocity spread is in sharp contrast to that of H + 3 in many cold dense and diffuse clouds in the Galactic disk which always give narrow lines (Geballe & Oka 1996; McCall et al. 1998a; Geballe et al. 1999; McCall et al. 1999 McCall et al. , 2002 McCall et al. , 2003 Brittain et al. 2004) . Observations of many more sources distributed over a wider region of the CMZ under high spectroscopic resolution will be attempted in the near future to obtain a more detailed picture of those clouds.
Spectra of Other Infrared Sources in the CMZ
The non-thermal distribution in the lower rotational levels of H + 3 has also been observed toward other infrared sources in the CMZ. Fig. 2 shows Subaru spectra of the R (1, 1) l , R(3, 3)
l and R(2, 2) l lines toward eight infrared sources. GC IRS 1W, GC IRS 3, and GC IRS 21 are near Sgr A* (Becklin et al. 1978; Tollestrup et al. 1989) at Galactic coordinates l = 359.94
• and b = −0.05 • , while GCS 3-2, NHS 21, NHS 22, NHS 25, and NHS 42 are at nearly the same Galactic latitude but with higher longitudes ranging from l = 0.10
• to 0.16 Nagata et al. 1990 ). The locations of these sources are shown in Fig. 3 superimposed on the VLA 20 cm image of the Galactic center by Yusef-Zadeh & Morris (1987) , which shows the high MHD activity in the region with both thermal and non-thermal emission.
All targets in Fig. 2 show absorption in the metastable R(3, 3) l line, the fingerprint of high temperature, and the absence or at best very weak absorption in the R(2, 2) l , signifying low density when the R(3, 3)
l line is present. The velocities of the absorption features vary greatly from source to source. As the sightlines are separated by 1 ′ -12 ′ , this provides supporting evidence that the absorbing clouds are within the CMZ and not in spiral arms farther from the Galactic center. Thus, these observations strongly suggest that hot and diffuse gas exists widely in the CMZ.
Of particular interest in Fig. 2 is the pronounced broad R(3, 3) l absorption at v LSR ∼ +50 km s −1 in the spectrum of GC IRS 3, which also was noted by Goto et al. (2002) . The hot and diffuse gas producing this absorption apparently is a component of the "50 km s −1 cloud", a complex of giant molecular clouds within 10 pc of the Galactic nuclei ) that is a key to understanding Sgr A and its environment (Brown & Liszt 1984; Liszt et al. 1985) . From measurements of NH 3 emission and H 2 CO absorption, and Güsten & Henkel (1983) concluded that the 50 km s −1 cloud is sandwiched between Sgr A West in the front and Sgr East in the back. This is clearly confirmed in the recent observations of CS by and the measurements of H I by Lang et al. (2004) . Hence GC IRS 3 must be behind the 50 km s −1 cloud and at least somewhat behind the Galactic nucleus. The 50 km s −1 component is not observed toward GC IRS 1W, indicating that this source is close to or in front of the nucleus. Geballe et al. (1989) saw similar behavior of the velocity components in fundamental band CO lines; the 50 km s −1 component was observed toward GC IRS 3 and GC IRS 7, but not toward GC IRS 1 and GC IRS 2. They suggested, in view of the close proximity of these four sources on the plane of the sky, that the CO absorption at 50 km s −1 might not be due to the 50 km s −1 cloud but rather to the inner edge of the circumnuclear molecular ring orbiting the nucleus at a radius of ∼ 2 pc (Genzel et al. 1994 ). The present observations, however, indicate that the absorption is likely due to the 50 km s −1 cloud since one would not expect to detect such a large column density of H + 3 in the circumnuclear molecular ring. Detailed analyses of the individual spectra in Fig. 2 together with many more spectral lines observed at Subaru will be given in a separate paper. Here we simply emphasize that the hot and diffuse clouds are distributed widely in the CMZ. The large variations in velocity and density of clouds within 0.2
• of the center is not in disaccord with the CO observations by Oka et al. (1998a) (see their l-V maps on page 493). Large spatial variations in dust absorption have also been reported by Adamson et al. (2004) .
Spectra of H + 3 in the Galactic disk
We have attempted to detect the R(3, 3)
l line toward several dense and diffuse clouds where large column densities of H + 3 have previously been observed in the low-lying (1, 1) and (1, 0) levels, in order to determine if cold dense or diffuse clouds are surrounded by diffuse and warmer gas. We have not been able to detect the line in any of AFGL 2136 and W 33A (Geballe & Oka 1996) , Cygnus OB2 12 (McCall et al. 1998a; Geballe et al. 1999), WR 118 and HD 183143 (McCall et al. 2002) , and StRS 217 and W51 IRS 2 (Geballe et al. 2005 , in preparation). If we assume same velocity dispersion as the observed R (1, 1) l lines, those observations set the upper limit on the equivalent width of ∼ 1 × 10 −6 µm and the level column density of ∼ 3 × 10 13 cm −2 . The upper limit for temperature depends on individual clouds. For Cygnus OB2 12 for example, where the level column density of the (1, 1) level is 2 × 10 13 cm −2 , this sets the upper limit of ∼ 100 K. The hot and diffuse environments in which metastable line arises seem to be unique to sightlines toward the Galactic center and, we believe, to regions within the CMZ.
Discussion
The semi-quantitative argument for the existence of hot and diffuse gas in the CMZ given in the previous section can be more rigorously quantified for the sightline to GCS 3-2 by comparing the high quality data there with the model calculation of H + 3 thermalization given in Paper I. According to the calculation, the population ratios N(3, 3)/N(1, 1) and N(3, 3)/N(2, 2) give definitive information on the temperature and density, respectively, of such clouds as shown qualitatively in the previous section. Also, the excitation temperature determined from the population ratio N(1, 0)/N(1, 1) = 2 exp (−32.9/T ex ) gives independent (but less accurate) information on the temperature and density.
Temperature and Density of Clouds toward GCS 3-2
For each cloud component toward GCS 3-2, the local standard of rest velocity v LSR , the v LSR range, the equivalent width W λ = (∆I(λ)/I)dλ, and the corresponding H + 3 column density in the lower level of absorption N(H Table  2 . The wavelength λ and the strength | µ | 2 of the R(1, 1) l , R(3, 3) l , and R(2, 2) l transitions in D 2 are also given. As noted earlier, the R(1, 1) l spectrum is composed of sharp absorption lines due to H + 3 in "ordinary" clouds coexisting with CO in the intervening spiral arms, and broad absorptions consisting of features at high and intermediate negative velocities and the trough at lower velocities, all of which are thought to be in the CMZ. We have separated the narrow and broad absorptions as shown in Fig. 4 , using the close similarity between the sharp portion of the H + 3 spectrum and the R(1) CO spectrum in Fig. 1 . Measured values of W λ and N(H + 3 ) are listed separately in Table 2 . The values in parentheses are for sharp absorptions. Separating the broad spectrum into cloud components is difficult and somewhat arbitrary. The absorption trough discussed above may consist of several components, but we can find no evidence in our data for a clear-cut separation. For the −123 km s −1 and −97 km s −1 clouds where a deconvolution into gaussian components is feasible, the results are similar to those obtained by separating the absorption into v LSR ranges.
Thus our separation of the hot and diffuse gas is into what we believe are the three most basic components: (1) clouds with v LSR ∼ −100 km s −1 (from −140 to −74 km s −1
in Table 2 ) which are likely in the EMR; (2) the cloud with v LSR ∼ −50 km s −1 (from −74 to −40 km s −1 ) which is the same velocity as the "3 kpc arm"; and (3) clouds with v LSR near 0 km s −1 (from − 40 to + 32 km s −1 ), the aformentoned absorption trough. Observed values of N(H + 3 ) level for the (1, 1), (3, 3), (2, 2), and (1, 0) rotational levels in each of these components are listed in Table 3 . Those are the only levels that are significantly populated apart from probable small contributions from high metastable rotational levels (J, J) with J = 4, 5, and 6. The values for the (1, 0) level are from our Subaru observations of the Q(1, 0) spectrum (Goto et al. 2002) . The separation of broad features from the sharp lines in this spectrum is not as clear as in the R(1, 1) l spectrum because of the lower spectral resolution and has high uncertainties for the −50 km s −1 and 0 km s −1 clouds.
To determine the temperatures and densities of the −100, −50, and 0 km s −1 clouds, we use 
Accuracy
The uncertainties in temperatures and densities listed in Table 3 are standard deviations, but larger systematic errors are expected because of inaccuracies in the model calculation of Paper I. Four general sources of systematic error are known: (1) the steady state approximation, (2) the theoretical rates of spontaneous emissions, (3) the assumed rates of collision-induced rotational transitions given in Eq.(2) of Paper I, and (4) neglect of hydrogen atoms as collision partners. As noted in Paper I, we believe that errors introduced from (1) and (2) are at most 10 % and are minor. Assumptions (3) and (4) each introduce error mainly into the determination of number density. Assumption (3) has three sources of error: (a) the assumption of completely random selection rules, (b) the formula given in Eq.(2), and (c) use of the Langevin rate as the total collision rate. Out of these three, (c) is most liable to introduce large overall errors. It is based on the microwave pressure broadening measurement of the HCO + -H 2 collision by Anderson et al. (1980) and the extensive experimental and theoretical studies of the collision by the group of de Lucia and Herbst (Pearson et al. 1995; Liao & Herbst 1996; Oesterling et al. 2001) . The latter papers show that the collision rate constant is close to the Langevin rate constant of 1.5 × 10 −9 cm 3 s −1 for the temperature range 10 -77 K both experimentally and theoretically. How well this applies to collisions of H + 3 , whose rotational energy separations are much larger than those of HCO + , remains to be seen. Since experimental measurement of H + 3 pressure broadening is next to impossible, theoretical calculations are needed. Better still, a theoretical calculation of state-to-state transition probabilities induced by collisions will make the model calculation more accurate since it also will eliminate errors caused by assumptions (a) and (b). If the H + 3 -H 2 collision rate constant is much lower than the Langevin rate, the number densities of the clouds determined above will be an underestimate. We believe that this error is no more than a factor of two, especially at the cloud temperatures of ∼250 K. Since a collision rate constant for a specific transition (
is proportional to the overall rate constant C (which we set to the Langevin rate) and is always multiplied with the cloud number density n(H 2 ), a variation of C does not change Fig. 5 except the scale of the number density changes inversely proportional to C.
A considerable fraction of the hydrogen in the region of hot and diffuse gas may be atomic due to photodissociation of H 2 , although because of the high volume density of molecular clouds in the CMZ even the intercloud hydrogen may exist mainly in molecular form (Binney (1994) quoted in Mezger et al. (1996) ). Therefore, as long as we interpret the cloud density n as n(H 2 ) + n(H), the results of Paper I are a good approximation. Because of the low polarizability of He (0.20Å 3 ) and the higher reduced mass, the Langevin rate constant of the H + 3 -He collision is considerably lower (0.8 × 10 −9 cm 3 s −1 ) and its effect is negligible. Thus, we believe that our derivation of low cloud densities, on the order of 100 cm −3 , is secure.
Our derived high temperatures are less affected by the model calculation since they are based on the high energy of the (3, 3) metastable level, unless there is some special pumping mechanism to influence the non-thermal distribution. We have not been able to find such a mechanism. Unlike in H 2 or C 2 , optical pumping is inconceivable since H + 3 does not have stable electronic excited state. Infrared pumping is very unlikely since the H + 3 vibrational transitions are isolated in the middle of the L window from transitions of other (abundant) molecules. Collisional pumping by the J = 2 → 0 transition of H 2 at 510 K may discriminate between the (3, 3) and (2, 2) levels to some extent, but is unlikely to cause such a drastically non-thermal population as is observed. Table 3 . The higher metastable levels (4, 4), (5, 5), and (6, 6) contain a small but non-negligible fraction of the population. From  Fig. 5 of Paper I we estimate the total column densities in those three metastable levels to be 1.4 × 10 14 cm −2 , 0.4 × 10 14 cm −2 , and 0.1 × 10 14 cm −2 , for the −100 km s −1 , −50 km s −1 , and 0 km s −1 clouds, respectively.
Total H
The total H + 3 column density toward GCS 3-2 including the cold clouds in spiral arms is obtained by summing the total column densities of the (1, 1), (3, 3) and (2, 2) levels given at the bottom of Table 2 , the total H + 3 column density for the (1, 0) level of (12.1 ± 1.5) × 10 14 cm −2 determined from the Q(1, 0) line (see Table 3 of Goto et al. (2002) ), and the column density of the high metastable levels estimated above, (1.9 ± 0.5) × 10 14 cm −2 . The result is (4.3 ± 0.3) × 10 15 cm −2 in agreement with our previous value of 4.6 × 10 15 cm −2 (Goto et al. 2002) . The total H + 3 column density in two lowest rotational levels (1, 1) and (1, 0), (3.3 ± 0.3) × 10 15 cm −2 , is also in approximate agreement with our earlier value of 2.8 × 10 15 cm −2 . Out of the total column density of (4.3 ± 0.3) × 10 15 cm −2 , 1.2 × 10 15 cm −2 is due to H + 3 in the cold clouds, mostly in the intervening spiral arms while, 3.1 × 10 15 cm −2 is in the hotter clouds in the CMZ.
The visual extinction toward GCS 3-2 is calculated to be A V ∼ 30 mag from Fig. 20 of Cotera et al. (2000) . How much of this extinction is due to dense (n ≥ 10 3 cm −3 ) clouds and how much to diffuse clouds is not known. If the ratio is like that toward the infrared sources near Sgr A*, i.e., 1 : 2 (Whittet et al. 1997) , the visible extinction of A V ∼ 10 mag inferred for dense clouds implies only a marginally detectable H + 3 column density if that extinction arises in the kind of dense cloud cores in which H + 3 has been found previously. This is because, as pointed out in Section 1, the H + 3 column density per unit extinction in dense cores is 10 times smaller than in diffuse clouds. We note however, that dense clouds encountered in spiral arms along the line of sight are likely to be less dense than the ones in which H + 3 has been found to date. As the number density of H + 3 is constant in dark clouds (Geballe & Oka 1996; McCall et al. 1999) , such lower density "dense clouds" may contain considerably more H + 3 per unit extinction. Thus we cannot constrain the cloud environment of the cold H + 3 outside of the CMZ.
Other Properties of the Clouds in the CMZ
Observations toward many more sightlines covering a wider regions of the CMZ are needed in order to elucidate the natures of the hot and diffuse clouds in the CMZ besides their temperatures and densities. Nevertheless, we can speculate on some physical and chemical properties of the clouds based on the data obtained so far and on the understanding of H + 3 in the diffuse interstellar medium gained from our previous studies.
One of the salient properties of H + 3 as an astrophysical probe is the simplicity and generality of its chemistry. This allows us to express its number density in diffuse clouds in terms of the number densities of H 2 and electron as n(H + 3 ) = (ζ/k e )[n(H 2 )/n(e)], where ζ is the ionization rate of H 2 and k e is the rate constant for dissociative recombination of H + 3 with electrons (McCall et al. 1998a,b; Geballe et al. 1999; McCall et al. 2002) . This formula demonstrates the remarkable property of n(H + 3 ) in diffuse clouds, that it is independent of the cloud density as long as the ratio n(H 2 )/n(e) is approximately constant in the cloud. The H + 3 column density can thus be expressed as N(H + 3 ) = n(H + 3 )L in terms of the column length L in good approximation and we obtain
where it is assumed that carbon is mostly in atomic form (consistent with the absence of broad CO absorption in Fig. 1 ) and is nearly completely singly ionized due to its low ionization potential (Welty & Hobbs 2001; Liszt 2003 ). In the above equation f is the fraction of hydrogen atoms in molecular form, f = 2n(H 2 )/[2n(H 2 ) + n(H)] ≤ 1. The gas phase carbon to hydrogen ratio after depletion in the solar vicinity, (n C /n H ) SV = 1.6 × 10 −4 (Sofia et al. 2004) , is multiplied by R X = (n C /n H ) GC /(n C /n H ) SV which takes into account the higher carbon to hydrogen ratio near the Galactic center than in the solar vicinity. The value of R X has been given as 3 − 10 by the COBE Diffuse Infrared Background Experiment by Sodroski et al. (1995) and as "at least 3" by Arimoto et al. (1996) (Mezger et al. 1996) .
The −100 km s −1 clouds
The hot and diffuse clouds with high velocities of −123 km s −1 and −97 km s −1 , most likely associated with the EMR, have more than half of H + 3 in the CMZ and provide the most definitive information since their absorption features are least contaminated by that of cold H + 3 in intervening spiral arms. Using the total column density of (15.7 ± 1.7) × 10 14 cm −2 listed in Table 3 and k e = 7.3 ×10 −8 cm 3 s −1 for T = 270 K calculated from Eq. (7) of McCall et al. (2004) , we obtain ζL = 3.7 × 10 4 R X /f cm s −1 .
For the canonical value of the interstellar cosmic ray ionization rate, ζ = 3 × 10 −17 s −1 (see for example van Dishoeck & Black (1986) and Lee et al. (1996) ), this formula gives a huge and clearly unreasonable value of L > 1 kpc, for R X ≥ 3, even if f = 1. This situation is the same as in the diffuse clouds in the Galactic disk (McCall et al. 1998a; Geballe et al. 1999; McCall et al. 2002) . McCall et al. (2003) deduced that ζ = 1.2 × 10 −15 s −1 , 40 times higher than the canonical value of ζ, to acccount for the H + 3 column density measured in the classic visible sightline toward ζ Per. Such a high ionization rate is far beyond the limit set from observed abundances of HD and OH by Hartquist et al. (1978a,b) . However, recent original work by Liszt (2003) has shown that values of ζ beyond the canonical value are favored in a wide range of circumstances if the effect of neutralization of atomic ions on grains is properly taken into account. Subsequently Le Petit et al. (2004) reported a chemical model calculation using a lower value of ζ = 2.5 × 10 −16 s −1 and explained observed abundances of many molecules toward ζ Per including HD and OH. As far as H + 3 is concerned, however, their result is nearly identical to that of McCall et al. (2003) since they assumed 1.9 times longer path (4 pc versus 2.1 pc), 4.8 times lower ζ, and obtained an H + 3 column density which is lower than the observed by a factor of 2.8 (2.9 × 10 13 cm −2 versus 8.0 × 10 13 cm −2 ). We believe that observed abundance of H + 3 gives more direct information on ζ. McCall et al. (2003) used n(e)/n(H 2 ) = 3.8 × 10 −4 obtained directly from the observed C + and H 2 column densities, which corresponds to f ∼ 0.85. The values of f for clouds in the CMZ are not known. The absence of H I absorption in the spectrum of the Arched Filament complex (Lang et al. 2004 ) and the small absorption in the Sickle near the sightline of the quintuplet (C. C. Lang private communication) suggest that f is between 1 and 1/2. Lower values give longer pathlengths.
Based on the 13 CO observations by Bally et al. (1987 Bally et al. ( , 1988 , Sofue (1995) estimated the thickness of the EMS to be ∼ 15 pc. If we use the values of f and ζ by McCall et al. (2003) , we obtain L ∼ 12R X pc for the −100 km s −1 clouds. If the value of R X is 3 -10 ( Sodroski et al. 1995) , the pathlength is 36 -120 pc much higher than Sofue's estimate. This suggests that the ionization rate ζ in the CMZ is even higher than the value by McCall et al. (2003) for the diffuse interstellar medium in the Galactic disk. In order to make the pathlength on the order of 20 pc, the value of the ionization rate must be (2 -7) × 10 −15 s −1 . Such a high ionization rate, however, will introduce other consequences discussed by Liszt (2003) . In particular ionization of H increases the electron density and decreases the H + 3 number density. It may well be that the simple linear relation between ζ and N(H + 3 ) used in this section needs to be modified for the Galactic center.
The −50 km s −1 cloud
Although we believe that this cloud lies within the CMZ, the precise radial location is uncertain, and whether or not the agreement of its velocity and that of the 3 kpc arm is accidental remains to be seen. The 3 kpc spiral arm merges into the Galactic bar and reaches the CMZ (Fig. 4 of Mezger et al. (1996) ) but how the velocity varies with radius is not known. If the cloud is in the CMZ, its rather high negative velocity suggests an association with the EMR. Observations of additional Galactic center infrared sources may provide a clearer picture of this cloud.
The −50 km s −1 cloud has a slightly lower temperature and higher density than the −100 km s −1 clouds. The observed total H + 3 column density of the cloud, (6.6 ± 1.3) × 10 14 cm −2 and the recombination rate constant of k e = 7.6 × 10 −8 cm 3 s −1 at 250 K gives ζL = 1.6 × 10 4 R X /f cm s −1 , indicating that the column length of this cloud is shorter than the −100 km s −1 cloud by a factor of approximately 2.3. The chemical condition of this cloud is likely similar to that of the −100 km s −1 clouds. The ionization rate in it must be comparable to the value discussed above for the −100 km s −1 clouds.
The 0 km s −1 clouds
This is probably a complex of many clouds in the CMZ located at various distances from the Galactic nucleus with lower temperature and higher density than the −100 km s
and −50 km s −1 clouds. Some of the clouds may be associated with the Quintuplet cluster. The temperature listed in Table 3 is the average value for the entire velocity range, and thus some of the 0 km s −1 clouds may have temperatures outside the uncertainties in Table  3 . In addition, some may have densities higher than 200 cm −3 . Nevertheless, the average value indicates that most clouds are diffuse and their temperatures are higher than the usual diffuse clouds in the Galactic disk. Observations of more sightlines toward infrared stars in the CMZ may enable us to separate some of these clouds.
The observed total H + 3 column density of these clouds, (8.4 ± 1.6) × 10 14 cm −2 , and the recombination rate of 1.09 ×10 −7 cm 3 s −1 at 130 K gives ζL = 2.9 × 10 4 R X /f cm s −1 , indicating that the total path length of those clouds is shorter than the −100 km s −1 cloud by a factor of ∼ 1.3 if the same value of ζ and R X /f are assumed. Again the value of L is too high unless we assume ζ to be higher than the value in diffuse clouds in the Galactic disk. The Quintuplet cluster contains numerous hot stars with luminosities of ∼ 10 5 L ⊙ (Figer et al. 1999 ) implying a high rate of photo-ionization in the nearby interstellar medium. Moreover the strong X-rays in the CMZ will photoionize the gas. Also its location near the Radio Arc suggests high MHD activity. Thus it would not be surprising if the value of ζ there were much higher than in diffuse clouds in the Galactic disk.
Finally, note that discussions of the cloud dimension L and the ionization rate ζ in this section 4.4 are based on the dissociative recombination rate constant k e reported by McCall et al. (2003 McCall et al. ( , 2004 . While this value has also been supported theoretically by Kokoouline & Greene (2003a,b) , there still is a possibility that the value is not final. Since laboratory experiments cannot completely duplicate interstellar conditions, further theoretical confirmation is highly desirable.
The Dense Cloud Filling Factor in the CMZ
The foregoing analysis shows that almost all of the H + 3 observed in the CMZ is in diffuse clouds with densities on the order of 100 cm −3 . This conclusion is not surprising since H + 3 is a more sensitive probe for diffuse clouds than for dense clouds (in terms of column density of H + 3 per unit extinction; see Section 1), and that the extinction toward the GC is mostly due to diffuse clouds. It shows, however, that the amount of dense cloud material in the CMZ is much less than previously thought. If indeed the CMZ contains high density gas (≥ 10 4 cm −3 ) with a high volume filling factor (≥ 0.1) as mentioned in Morris & Serabyn (1996) , we would have easily detected H + 3 . Such a filling factor would produce a mean pathlength of 20 pc of dense gas along the line of sight to sources in the CMZ. Dense clouds in the Galactic disk surrounding AFGL 2136 and W 33A with a pathlengths of 1.3 pc and 1.7 pc showed H + 3 column densities of 3.8 × 10 14 cm −2 and 5.2 × 10 14 cm −2 , respectively . Thus a very strong absorption by H + 3 in dense CMZ clouds would be expected, even if the velocity components are broad and the metallicity is high. Moreover, the above pathlength through dense molecular gas implies an H 2 column density of 6 × 10 23 cm −2 , which would be easy to detect through its infrared absorption spectrum (Lacy et al. 1994 ) even if the cloud has a high velocity dispersion. Such attempt has been unsuccessful (Usuda & Goto, private communication). Rodríguez-Fernández et al. (2001) reported "a few 10 22 cm −2 " toward 16 sources within 500 pc of the Galactic center.
While it is possible that the sightline toward GCS 3-2 and the other seven stars studied in this paper happen to have low density as statistical fluctuations, it is more likely that the combination of high density (≥ 10 4 cm −3 ) and large volume filling factor of (≥ 0.1) is a considerable overestimate. That combination gives a mass of the gas in the CMZ which is much higher than 5 -10 × 10 7 M estimated from radio observations of molecules (see many references quoted in Morris & Serabyn (1996) ). More recent papers of Oka et al. (1998b) and Tsuboi et al. (1999) , using CO J = 2 -1 and CS J = 1 -0 lines have reported mass values of 2 × 10 7 M (as a lower limit) and 3 -8 × 10 7 M , respectively. Also the large dense cloud path length of 20 pc would give a visual extinction at least an order of magnitude higher than A V = 25 -40 reported by Cotera et al. (2000) for four large regions within 40 pc of the Galactic center.
Out of many molecular emissions used to study the CMZ, the 1 -0 emission line of CO and inversion spectrum of NH 3 cannot provide evidence for dense clouds by themselves since their critical densities are lower than 10 4 cm −3 by more than an order of magnitude. The CO 2 -1 ) and higher (Harris et al. 1985) emission lines and the 1 -0 emission lines of CS (Tsuboi et al. 1999; Sawada et al. 2001) , HCN and HCO + (Linke et al. 1981; Wright et al. 2001 ) do provide definitive evidence for high density clouds. Also, high densities in the CMZ have been reported from radio absorption of HCN and CS using model calculations (Greaves et al. 1992; Greaves 1995) . However the filling factor of these clouds is probably much lower than 0.1, more likely 0.01 or even less. (In this regard the observation of broad absorption by HCO + by Linke et al. (1981) is noteworthy). The fraction of ∼ 10 % quoted as the ratio of gas in the CMZ to the total gas content of the Galaxy (see for example Mezger et al. (1996) and Dahmen et al. (1998) ) must also be a gross overestimate.
Summary
We have observed three absorption lines of H + 3 towards several infrared sources in the Galactic center, indicating the presence of extensive hot and diffuse clouds with high velocity dispersions in the inner 200 pc Central Molecular Zone of the Galaxy. The observed high column densities of H + 3 in the (J, K) = (3, 3) metastable rotational level, which is 361 K above the (1, 1) ground level, provides definitive evidence of the high temperature, and the absence or small quantity in the (2, 2) level, which is 210 K lower than the (3, 3) level, provides evidence for the low density of these clouds. This remarkable non-thermal rotational distribution is caused by the metastability of the (3, 3) level and the relatively fast spontaneous emission from (2, 2) to (1, 1). The hot and diffuse gas toward the brightest infrared source GCS 3-2 in the Quintuplet Cluster has been quantitatively studied. We estimate that three-fourths of the total H + 3 column density of 4.3 × 10 15 cm −2 observed towards this source arises in the CMZ, with half of this fraction associated with the 180 pc radius Expanding Molecular Ring, and the remainder in lower velocity clouds. These clouds have a range of temperatures and densities, with all of the temperatures considerably higher than diffuse clouds in the Galactic disk where the (3, 3) level has not been detected. The remaining one-fourth of the observed H + 3 is located outside the CMZ, largely in spiral arms along the line of sight to the nucleus.
In order to make the aggregate line of sight pathlength of the diffuse CMZ gas a reasonable value, it is necessary to assume a very high ionization rate ζ = (2 -7) × 10 −15 s −1 . The high metallicity in the CMZ is only partly responsible for the need for the large increase of ζ over its value elsewhere in the Galaxy. The high value is no doubt intimately related to the exceptionally energetic environment of the Galactic center.
Almost all of H + 3 in the CMZ exists in low density clouds. The filling factor of high density clouds in the CMZ, f ≥ 0.1, that has been reported previously, must be a considerable overestimate.
Questions abound on the hot and diffuse clouds in the CMZ. How are they related to dense clouds studied by neutral molecules and the H II regions studied by hydrogen recombination lines? What is their relation to the sources of X-ray emission and to the strong magnetohydrodynamic phenomena in the nucleus? What is their heating mechanism? How is the pressure balanced? Additional observations of H + 3 and CO toward other infrared stars in the CMZ including those at larger distances from the Galactic nuclei may help provide answers to some of these questions.
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